Dental caries are mainly associated with oral pathogens, and Streptococcus 2 mutans is a primary cariogenic organism. Many methods have been established to eliminate S. mutans from the oral cavity. This study aimed to evaluate the effect of carbon nanotube (CNT)/agar composites irradiated with near-infrared (NIR) light on S. mutans, as a potential photothermal antimicrobial nanotherapy. A colony-forming unit assay clearly showed that CNT/agar composites attain bactericidal activity after NIR light irradiation; this bactericidal activity is higher than that of graphite (GP)/agar and activated carbon (AC)/agar composites. Furthermore, it was observed that longer irradiation times immobilized S. mutans in the CNT/agar composite.
Introduction
The occurrence of dental caries is mainly associated with oral pathogens, and
Streptococcus mutans is a primary cariogenic organism. Therefore, many methods have been established to eliminate S. mutans from the oral cavity [1, 2] . One such approach is photodynamic therapy [3] [4] [5] . A series of studies have demonstrated the photodynamic inactivation of bacteria by the exogenous application of a photosensitizer such as methylene blue or toluidine blue [4] .
Carbon nanotubes (CNTs) have attracted considerable attention because of their unique physical properties and potential for a variety of biological applications [6, 7] . In addition, CNTs can adsorb bacteria [8] [9] [10] [11] . Single-walled carbon nanotubes (SWNTs) exert strong antimicrobial activity against Escherichia coli [12, 13] . Kim et al reported novel applications of CNTs in photothermal antimicrobial nanotherapy [14] . Their study showed the excellent capability of SWNTs and multi-walled carbon nanotubes (MWNTs) to serve as near-infrared (NIR)-responsive clustering photothermal contrast agents. By NIR light irradiation, CNTs are promoted to the electronic excited state, followed by rapid relaxation to the ground state with an effective electron-phonon conversion of the absorbed photon energy into thermal energy.
We reported that MWNTs had the highest efficiency of precipitating S. mutans 4 among the carbon materials, such as CNTs and activated carbon (AC) [11] . and AC was also investigated. The CFU assay with agar composites containing carbon materials is useful for studying the photothermal effect, except the difference in the efficacy of bacterial adhesion of carbon materials. We also attempted to observe the morphology of the bacteria in the CNT/agar composites irradiated with NIR light.
Experimental
The purified SWNTs (0.8-2.5 nm in diameter) used in this study were purchased from Meijo Nano Carbon Co. Ltd. (Nagoya, Japan) and synthesized by an arc discharge 5 method [15] ; the MWNTs (20-40 nm in diameter) were purchased from NanoLab Inc.
(Brighton, MA). The MWNTs were purified using a previously reported method [16] .
The SWNTs had a purity of >95 wt% and contained <5 wt% amorphous carbon as the dominant impurity, whereas the MWNTs had a purity of >98 wt% and contained <2 wt% amorphous carbon. Commercial AC powder with an average particle size of <20 µm (Kanto Chemical Co. Inc., Tokyo, Japan) and synthetic GP with an average particle size of <20 µm (Sigma-Aldrich Co. Ltd., St. Louis, MO) were used as the control carbon materials in this study. To prepare the CNT/agar composites, a suspension of CNTs (0.1 mg/ml and 1.0 mg/ml) and brain heart infusion (BHI) agar (Pearlcore; Eiken Chemical Co. Ltd., Tokyo, Japan) in H 2 O was dispersed by ultrasonication, followed by microwave heating. A 10-ml aliquot of the dispersed solution was poured into a 100-mm culture dish and was left undisturbed until the CNT/agar composites solidified.
Macroscopic fields of the CNT/agar composites molded to a square of 1 × 1 × 1 cm 3 were photographed. The luminous transparency of 0.2-mm-thick blocks of the composites was measured using a luminous transmittance meter (STS-4; Fujikoden Corp., Kanagawa, Japan).
S. mutans JC2 strains were used in this study. S. mutans was grown in BHI broth at 37°C for several days under aerobic conditions. The bacteria were harvested by 6 centrifugation at 2500 ×g (Kubota Centrifuge 2700, Tokyo, Japan) and suspended in BHI broth at a concentration of 6.8 × 10 3 CFU/ml. The CNT/agar composites were then inoculated with 5 µl of the S. mutans culture solution, followed by irradiation with NIR light. Irradiation was performed using NIR light (LA-100IR; Hayashi Watch Works Co.
Ltd., Tokyo, Japan) with a light power of 1. For scanning electron microscope (SEM) observation, the CNT/agar composites were fixed with a 2.5% solution of glutaraldehyde and postfixed in 1% osmium tetroxide. The composites were dehydrated with a graded alcohol series (50%, 70%, 80%, 90%, 95%, and 100%), subjected to critical point drying at 37°C, and coated with Pt/Pd. The SEM images were obtained using a Hitachi S-4000 SEM.
Results and discussion
The CNT/agar composites formed by the aqueous dispersion of CNTs and agar powder were compared to agar gel without CNTs (Fig. 1a) . The CNT/agar composites were soft and black. The luminous transmittance of 0.2-mm-thick blocks of the CNT/agar composites was measured using a luminous transmittance meter (Fig. 1b) .
The luminous transmittance of the CNT/agar composites decreased with increasing loading of CNTs (0.1-mg/ml to 1.0-mg/ml) and ranged from of 81% to 31%. The GP/agar and AC/agar composites had a higher transmittance ranging from 84% to 60%
because the particle sizes of GP and AC were larger than those of the CNTs. As a result, the GP and AC particles covered a small surface area and were not completely dispersed in the agar gel. whereas GP/agar and AC/agar composites resulted in decreases of 66% and 60% after 30-s irradiation, respectively (Fig. 3b) . The bactericidal activities of GP/agar and AC/agar were low owing to their high luminous transmittance (Fig. 1b) , which resulted in weak absorption of NIR light. This result shows that the bactericidal activities of MWNT/agar and SWNT/agar composites were higher than those of GP/agar and AC/agar composites irradiated with NIR light. The similar bactericidal efficacy of the MWNT/agar and SWNT/agar composites against S. mutans observed in our study was in agreement with the efficacy of NIR-irradiated MWNT and SWNT clusters against E.
coli [14] . The bactericidal activity of the CNTs irradiated with NIR light is possibly dependent on the transmittance of CNT composites rather than their structures, with certain variables such as the wavelength of the NIR light used.
Subsequently, the bacteria on the MWNT/agar composite irradiated with NIR light for different durations were observed using an SEM. Figure 4 shows the SEM image of S. mutans on MWNT/agar composites or normal agar. Several bacteria (radius of the minor axis, 500 nm) were observed on the meshwork of agar. Fibrous polymeric substances with a width of about 20-40 nm were observed in the agar. In Figure 4a -c, the MWNTs and fibrous agar could not be clearly distinguished using the SEM.
Changes in the morphology of S. mutans induced by NIR light were not observed. The mechanism underlying the bactericidal effect on S. mutans possibly involves the denaturation of bacterial proteins and not the destruction of the cell wall because of the heat generated by NIR light irradiation.
Furthermore, it was observed that longer irradiation time, i.e., 120 s, caused the S. mutans to become imbedded in the MWNT/agar composite (Fig. 4c) . In normal agar used as control, we did not observe changes in the morphology of S. mutans on the agar induced by NIR light (Fig. 4d-f 
Conclusion
The 
